A B ST R A C T Metabolic alkalosis was induced in dogs by administering ethacrynic acid and sustained by feeding a chloride-deficient diet. At the height of the alkalosis extracellular fluid was expanded "isometrically," i.e., with an infusion that duplicated plasma sodium, chloride, and bicarbonate concentrations. Correction of metabolic alkalosis promptly followed such expansion and was attributed to the selective retention by the kidneys of chloride from the administered solution. Since plasma chloride concentration was not increased as an immediate consequence of the infusion, it is concluded that the change in renal tubular function that led to the selective retention of chloride must have been mediated by factors independent of filtrate chloride concentration. A decrease in circulating mineralocorticoid level, as a consequence of volume expansion, does not seem to account for this change in tubular function since identical studies in dogs receiving excessive amounts of 11-deoxycorticosterone acetate during the day of infusion yielded similar findings.
A B ST R A C T Metabolic alkalosis was induced in dogs by administering ethacrynic acid and sustained by feeding a chloride-deficient diet. At the height of the alkalosis extracellular fluid was expanded "isometrically," i.e., with an infusion that duplicated plasma sodium, chloride, and bicarbonate concentrations. Correction of metabolic alkalosis promptly followed such expansion and was attributed to the selective retention by the kidneys of chloride from the administered solution. Since plasma chloride concentration was not increased as an immediate consequence of the infusion, it is concluded that the change in renal tubular function that led to the selective retention of chloride must have been mediated by factors independent of filtrate chloride concentration. A decrease in circulating mineralocorticoid level, as a consequence of volume expansion, does not seem to account for this change in tubular function since identical studies in dogs receiving excessive amounts of 11-deoxycorticosterone acetate during the day of infusion yielded similar findings.
Moreover, no other consequence of volume expansion appears to be sufficient to cause this change in tubular function in the absence of metabolic alkalosis; when the alkalosis was corrected with hydrochloric acid before infusion, isometric expansion of extracellular volume did not induce selective chloride retention.
We suggest that isometric expansion during metabolic alkalosis causes a decrease in proximal sodium reabsorption that relinquishes filtrate to a more distal site in the nephron and that this site INTRODUCTION Correction of metabolic alkalosis requires that plasma bicarbonate concentration and renal bicarbonate threshold be reduced to normal levels. Although recent studies in a variety of clinical and experimental situations have demonstrated clearly that such correction is critically dependent on the provision of adequate chloride (1) (2) (3) (4) (5) (6) (7) (8) , the precise mechanism whereby the provision of chloride permits restoration of normal acid-base equilibrium has not been elucidated.
It has been suggested that, before the administration of chloride, the low plasma concentration of this anion may be directly responsible for perpetuating the-alkalosis. Since chloride is unique among physiologically prevalent anions in being readily reabsorbable by the kidney, it has been reasoned that sustained. hypochloremia limits the availability of reabsorbable anion in the glomerular filtrate (6) . Conservation of sodium filtered with inadequate reabsorbable anion would enhance the transtubular potential difference and accelerate sodium-cation exchange. To the extent that this sequence of events accelerates the rate of sodiumhydrogen exchange, a high rate of bicarbonate reabsorption by the kidney and an elevated plasma bicarbonate concentration would be maintained.
It is theoretically possible, therefore, that an increase in plasma chloride concentration towards normal might be a necessary first step in the process of correcting metabolic alkalosis. If the The Journal of Clinical Investigation Volume 47 1968 acceleration of renal sodium-hydrogen exchange that maintains metabolic alkalosis is the direct consequence of a low filtrate chloride concentration, the deceleration of sodium-hydrogen exchange that permits a fall in plasma bicarbonate concentration might require some previous increase in filtrate chloride concentration.
The present study explores this possibility in dogs rendered alkalotic by the administration of ethacrynic acid and a chloride-deficient diet. In order to provide adequate chloride without directly increasing glomerular filtrate chloride concentration, we expanded extracellular fluid volume isometrically, i.e., with a solution comparable in composition to plasma with respect to major electrolytes. Despite this restriction, the kidneys were able to retain administered chloride and reject excess bicarbonate selectively with prompt correction of the alkalosis.
It is concluded that the provision of chloride may alter over-all tubular function during the correction of metabolic alkalosis by mechanisms independent of filtrate chloride concentration. The associated expansion of extracellular fluid volume may be involved in mediating this effect of administered chloride. Experimental design. The chloride-deficient diet was fed for 3-5 days before beginning each study. Ensuing control periods were of 4-7 day's duration for the 11 studies involving detailed balance observations and of 2-3 day's duration for the remaining 8 studies.
METHODS
Immediately after the control period, metabolic alkalosis was induced in all animals by the intravenous administration of ethacrynic acid,' 1 mg/kg of body weight per day, for 4 or 5 consecutive days. The injections were given at least 3 hr after the daily diet had been consumed and did not induce vomiting.
A few days after the last dose of ethacrynic acid, at the height of the metabolic alkalosis, one of four experimental protocols was introduced. In each' instance the experimental protocol involved a 24-hr period initiated by the rapid infusion of an individually tailored solution formulated as described below. The infusion day constituted the only experimental period except in protocol IV where an additional brief period preceded the infusion day.
Protocol I, standard infusion (eight animals, six balance studies). The objective of this protocol was to administer ample chloride to these chloride-depleted, alkalotic animals without altering the plasma concentration of major electrolytes. Accordingly, plasma sodium, chloride, and bicarbonate concentrations, determined in each study on the morning of the proposed infusion, were used to prepare the infusate. The concentration of undetermined anions, defined as sodium concentration minus the sum of chloride and bicarbonate concentrations, was accounted for by the addition of neutral phosphate to the infusion solution. The solution contained no potassium.
Animals were anesthetized with intravenous pentobarbital sodium and indwelling catheters were placed in a brachial vein, femoral artery, and the urinary bladder. After a preinfusion control period of 1-2 hr duration, "isometric" expansion was accomplished by administering the infusion solution at a rate of 50 ml/kg per hr for 3 hr with a constant infusion pump. This rate of infusion was chosen in order to present each animal with approximately 50% more chloride during the 3 hr infusion period than had been lost during the ethacrynic acid period (see Results).
Frequent arterial blood samples and consecutive urine periods were obtained before, during, and for 3 hr after the infusion. Thereafter, the animals were returned to metabolic cages and offered 500 ml of water in a pan. Urine voided during the night drained into collection bottles (see below). On the following morning, 24 hr after beginning the infusion, a final arterial blood sample was obtained and the bladder was emptied by catheterization. No food was given during the 24 hr infusion-day period.
Protocol II, low chloride infusion (three animals). The objective of this protocol was to administer an amount of chloride similar to that provided in protocol I but at a concentration substantially lower than that of the coexisting plasma. Accordingly, whereas the sodium and neutral phosphate concentrations of the infusion solution were determined as in protocol I, the concentration of chloride in the infusion solution was reduced to a value equal to one-half the concentration of chloride in the plasma. Additional bicarbonate made up the remaining anion equivalents producing a concentration of bicarbonate in the infusion solution that greatly exceeded the concentration of bicarbonate in the plasma. This solution was administered at a rate of 50 ml/kg per hr for 6 rather than 3 hr in order to provide a total amount of chloride comparable to that provided in protocol I, In all other respects protocol II followed the pattern set by protocol I.
Protocol III, standard infusion plus 11-deoxycorticosterone acetate (DOCA) (three animals). This protocol was identical with protocol I with the exception that 10 mg of DOCA in oil was administered intramuscularly 12 and 2 hr preceding the infusion and an additional 2.5 mg of an aqueous suspension of DOCA was added to each liter of infusate.
Protocol IV, standard infusion after correction of metabolic alkalosis with hydrochloric acid (five animals, five balance studies). The objective of this protocol was to repair the plasma chloride and bicarbonate concentrations before infusion without repairing the sodium or potassium deficits. Accordingly, after the induction of metabolic alkalosis, an additional experimental period of 2-6 days preceded the infusion day. Supplemental sodium and potassium were eliminated from the diet throughout this period and hydrochloric acid was added to the diet (tube fed in all cases) on each of the initial 2 days of this period; the amount of hydrochloric acid added (25-100 mmoles/day) was adjusted for each dog in an effort to reduce plasma bicarbonate concentration to as close to control levels as possible.
An infusion day protocol identical with protocol I was then employed; as in the preceding studies, the composition of the infusion solution approximated the plasma sodium, chloride, and bicarbonate values obtained immediately before infusion. In contrast to the previous studies, however, these animals were not hypochloremic immediately before infusion and, hence, received a relatively larger amount of chloride from the infusion (see Results).
Balance technique. Animals were kept in metabolic cages throughout the control and alkalosis periods. Urine was voided over siliconized metal surfaces into bottles containing mineral oil and thymol chloroform. When tested with water, this system yielded greater than 98%o recovery. Collection bottles were changed at 9 a.m. daily. Feces were pooled during both the control and alkalosis periods; collections were started and terminated 24 hr later than the corresponding periods. Daily balances were calculated as the difference between the net intake and the combined outputs in urine, stool, and blood samples. The change in net external balance during the alkalosis period was calculated as the difference between the average daily balance during the control period and the daily balance during the alkalosis period. The external balance on the day of infusion was calculated as the difference between the amount infused and the combined outputs in urine and blood samples. (9) . Electrolyte contents of feces and diet were determined on nitric acid extracts. The Technicon AutoAnalyzer was used to measure blood and urine phosphate by the method of Fiske and Subbarow (10) and urinary ammonia by the method of Logsdon (11) . Titratable acidity was calculated from urinary phosphate excretion with a pK of 6.8. Net acid excretion was estimated as the sum of urinary ammonia and titratable acidity minus urinary bicarbonate. Changes in extracellular fluid volume were estimated from "chloride space" calculations assuming an initial value of 20% of body weight.
RESULTS

Protocol I
Pertinent plasma values and balance observations are depicted in Fig. 1 for one representative study (dog 7). Table I contains sodium, chloride, bicarbonate, and undetermined anion concentrations for all eight animals undergoing the standard protocol. Control values represent the average of the two to five observations obtained before the administration of ethacrynic acid. "Alkalosis" values represent the average of the three to four observations obtained in the 1st or 2nd hr immediately before the infusion and correspond to the height of the metabolic alkalosis. The "after infusion day" values were obtained 24 hr after beginning the infusion. The solid line in Fig. 2 PLASMA VALUES Table IV contains the values for all five animals undergoing protocol IV. Control values represent the mean of the three to four observations obtained before the administration of ethacrynic acid. "Alkalosis" values were obtained immediately before giving the first dose of hydrochloric acid and represent the extreme of metabolic alkalosis in each animal. Values labeled "after HCl" represent the average of the two to four observations obtained in the 1st or 2nd hr immediately before the infusion; values labeled "after infusion day" were obtained 24 hr later.
PLASMA VALUES
As can be seen from a comparison of Tables I  and IV , mean plasma electrolyte concentrations during the control period and after the administration of ethacrynic acid were quite similar for the groups of animals undergoing protocols I and IV. In protocol IV, however, the plasma anion concentrations characteristic of the alkalosis period were returned virtually to normal by the administration of hydrochloric acid and, despite the subsequent infusion, did not change appreciably thereafter. BALANCE 
OBSERVATIONS
Alkalosis period. The changes in net external balance, accumulated before the infusion day, averaged -101 mEq for sodium (range -63 to -171 mEq) and -88 mEq for potassium (range -76 to -118 mEq). The change in net chloride balance, accumulated during the development of metabolic alkalosis and before the administration of hydrochloric acid, averaged -145 mEq (range -104 to -200 mEq). Each of these mean values is comparable to that observed during the alkalosis period in protocol I (Table II) . Administration of hydrochloric acid reduced the mean accumulated net chloride deficits to -56 mEq (range -18 to -79 mEq) before the infusion day.
Infusion day period. The total amount of sodium, chloride, and bicarbonate administered on the infusion day and the accumulated urinary excretion of sodium, chloride, and net alkali are shown in the lower portion of Table III for each of the five animals undergoing protocol IV. For sodium, an average of 385 mEq was infused and 278 mEq excreted; 107 mEq was retained, a value remarkably similar to that observed in protocol I. For chloride, however, an average of 279 mEq was infused and 169 mEq excreted; only 110 mEq was retained. As seen in the right-hand panel of Fig. 3 , chloride was not retained in significant excess of simultaneous sodium retention, as was the case in protocol I, even though relatively more chloride was administered than in protocol I. From the standpoint of urinary composition, chloride excretion averaged 60%o of sodium excretion on the infusion day of protocol IV whereas chloride excretion averaged only 25 % of sodium excretion on the infusion day of protocol I.
DISCUSSION
The relationship between metabolic alkalosis and the metabolism of chloride has been the subject of considerable investigation in recent years (1) (2) (3) (4) (5) (6) (7) (8) .
It has been well established by these studies that selective depletion of body chloride stores results in metabolic alkalosis, restricted access to dietary chloride permits metabolic alkalosis to perpetuate itself and provision of chloride is a prerequisite to the repair of metabolic alkalosis. The self perpetuation of metabolic alkalosis during the period of chloride deficiency has been tentatively attributed to an alteration in renal tubular function necessitated by the accompanying hypochloremia (6) . Since chloride is virtually the only physiologically prevalent anion that can readily penetrate the tubular epithelium, it has been reasoned that a low concentration of chloride in the glomerular filtrate places a limit on the amount of anion available for reabsorption with sodium. As a result of this limitation, conservation of filtered sodium would require an acceleration of sodium-cation exchange (12) . To the extent that sodium-hydrogen exchange were thus accelerated, a sustained increase in bicarbonate reabsorption would result and metabolic alkalosis would be perpetuated.
If hypochloremia necessitates an accelerated sodium-hydrogen exchange during selective chloride depletion, an increase in chloride concentration towards normal might be the necessary first step that permits a decelerated sodium-hydrogen exchange during chloride repletion.
The present study explores this thesis by isolating filtrate chloride concentration as a variable during the replacement of chloride deficits in metabolic alkalosis and by observing the kidney's ability to return plasma composition to normal. Dogs were rendered chloride depleted, hypochloremic, and alkalotic by the administration of ethacrynic acid and a chloride-deficient diet. At the height of the metabolic alkalosis the dogs received an infusion designed to provide abundant chloride isometrically, i.e., without altering the plasma concentration of major electrolytes (protocol I). Consequently, the composition of glomerular filtrate, and the profile of potentially reabsorbable substrate presented to the tubule were unchanged by the infusion itself. If the concentration of chloride in the filtrate were a critical determinant of the rate of cation exchange, deceleration of sodium-hydrogen exchange and a fall in bicarbonate threshold might not have been expected to occur under these conditions.
The results of protocol I indicate, however, that the renal tubules were able to effect appropriate adjustments of extracellular composition in response to such infusions; the bulk of the infused sodium was rejected while the infused chloride was selectively retained, net acid excretion was promptly suppressed and, consequently, over the ensuing 24 hr, plasma chloride and bicarbonate concentrations were returned essentially to normal levels. Moreover, the results of protocol II demonstrate that, even when a low filtrate chloride concentration is reduced further by the direct effects of infusing a solution with a substantially lower chloride concentration, the kidneys are still able to retain requisite chloride selectively and readjust plasma composition towards normal. It is evident, therefore, that a low filtrate chloride concentration does not necessitate an accelerated rate of bicarbonae reabsorption under all circumstances.
While clearly not invalidating the notion that, before administering exogenous chloride, hypochloremia may be a crucial factor in the mechanisms perpetuating alkalosis, the present observations do suggest that mechanisms independent of filtrate chloride concentration may operate to cor-rect metabolic alkalosis once provision of needed chloride has occurred.
The theoretical mechanisms enumerated below, each initiated by acute expansion of extracellular fluid volume, could account for the observed correction of metabolic alkalosis since each would permit infused sodium to be excreted without a proportionate excretion of chloride.
(a) An increase in glomerular filtration rate, in response to volume expansion could have resulted in the observed alkali diuresis and selective retention of chloride even if sodium-hydrogen exchange continued at an undiminished rate. This possibility would require that such infusions promote sustained increases in the rate of both glomerular filtration and over-all sodium reabsorption so that only the relative rate of sodium-hydrogen exchange was reduced. Direct evidence bearing on this point is not available from the present study since filtration rates were not measured. There would appear to be no reason to doubt, however, that such brisk infusions produced at least transient increases in the rate of glomerular filtration in these previously sodium depleted animals. Further study will be required to clarify this important point.
(b) Volume expansion could have resulted in a selective suppression of sodium-hydrogen exchange by inhibiting endogenous mineralocorticoid production. Since aldosterone is thought to promote sodium-cation exchange, diminished aldosterone activity as a consequence of volume expansion could have dampened this exchange and resulted in what appeared to be "selective" chloride retention. The results of protocol III, however, do not support this contention since pharmacological amounts of the mineralocorticoid, DOCA, did not prevent the alkali diuresis, the preferential retention of chloride, and the restoration of plasma composition towards normal.
(c) Expansion of extracellular fluid volume could have resulted in selective inhibition of sodium-hydrogen exchange by the renal tubule through some mechanism other than suppressed mineralocorticoid production. It is well recognized that volume expansion may inhibit sodium reabsorption independent of changes in mineralocorticoid levels (13) (14) (15) . It is conceivable that such inhibition of sodium reabsorption involves inhibition of sodium-bicarbonate reabsorption to a proportionately greater extent than it does sodiumchloride reabsorption. However, it seems clear from the results of protocol IV that mere expansion of volume, at least with solutions such as those employed here, does not invariably produce a disproportionate inhibition of bicarbonate reabsorption. In these studies, similarly volumedepleted animals were acutely expanded with comparable solutions after previous restoration of nearly normal plasma anion concentrations. The saluresis observed after volume repair which occurred under these circumstances was accompanied by a proportionate chloruresis; by contrast, in protocol I a similar saluresis was accompanied by very little chloruresis. Viewed conversely, despite the retention of similar amounts of sodium, excess chloride was retained only in protocol I when appreciable chloride deficits were present and not in protocol IV when chloride deficits had been largely repaid. It seems clear from these observations that the anion composition of extracellular fluid must be an important determinant of the urinary composition that results from isometric expansion of extracellular volume. The mechanism enabling the renal tubule to make the appropriate adjustments in urinary composition under these conditions is still unclear.
(d) A fourth consequence of volume expansion would appear to offer the most plausible explanation for these results. It is not unreasonable to postulate that, before volume expansion, the rate of sodium reabsorption in the proximal tubule was increased in response to the previously accumulated sodium deficits and that the delivery of filtrate to the distal nephron was decreased accordingly. Once the infusion solution was administered and extracellular fluid volume restored, the rate of sodium reabsorption in the proximal tubule was probably diminished (16) . As a direct consequence of this decrease in proximal sodium reabsorption, filtered chloride as well as sodium might have been shunted to more distal sites in the nephron providing these sites with a greatly increased opportunity to modify the tubular urine. If such distal sites possessed a mechanism for selective or preferential chloride reabsorption under conditions of chloride depletion or hypochloremia, the results of the present study would be explained.
Despite the emphasis in the foregoing discussion on the role played by volume expansion in accounting for the present results, it should not be Correction of Metabolic Alkalosis after Isometric Expansion of ECF assumed that volume expansion without chloride might have produced the same results. The administration of sodium without the provision of exogenous chloride (or equivalent reabsorbable anion) could not have resulted in correction of metabolic alkalosis since, in the absence of a decrease in plasma sodium concentration or an increase in undetermined anion concentration, a fall in plasma bicarbonate concentration necessitates at least a reciprocal increase in chloride concentration as a direct consequence of the constraints of electroneutrality. Furthermore, the present study strongly suggests not only that the repair of metabolic alkalosis is dependent on the provision of chloride but also that the repair of volume deficits by the retention of administered sodium is also dependent on the availability of this anion. During the several days between the last dose of ethacrynic acid and the infusion day, ample sodium, 3 mEq/ kg per day, was present in the chloride-deficient diet of these animals but sodium deficits were not repaid. It was not until the infusion day when chloride was also made available that sodium retention occurred and normovolemia restored.
It would appear that the repair of metabolic alkalosis by the kidneys under the conditions of the present study is the result of a process in which the repair of volume deficits and the provision of chloride are inseparable and interdependent features.
